Introduction
Presently, over 250 GH-11 xylanase sequences are available in the CAZy database (Coutinho and Henrissat, 1999) and 18 structures of GH-11 xylanases have been deposited in the PDB (Berman et al., 2000) (Table I ). The family is highly homologous, with the jelly-roll framework being perfectly conserved (Sapag et al., 2002) . The catalytic machinery is composed of two glutamate residues located in the middle of a cleft (Fig. 1) . One residue acts as the acid/base and the other as the nucleophile in a mechanism that leads to hydrolysis of xylosidic linkages with net retention of the anomeric configuration (Törrönen et al., 1994; Wakarchuk et al., 1994) .
The thumb-like structure is an 11-residue long loop (Tyr 111 to Thr 121 ) that connects b-strands B8 and B7 (Fig. 1 ). This loop displays hairpin topology with an a-ladder internal hydrogen-bonding pattern that is interrupted by the presence of Asn 112 , which distorts the thumb downwards, giving it a characteristic half-folded thumb shape. According to alignment of GH-11 sequences (Sapag et al., 2002) , some of the thumb-forming residues are conserved: Asn 112 , the triad of residues that forms the tip of the thumb (Pro . With regard to the function of the thumb, clues are provided by previous structural studies that have revealed that the precise position of the thumb determines the width of the catalytic cleft (Campbell et al., 1993) and that binding events in the catalytic cleft are accompanied by altered thumb positioning (Havukainen et al., 1996) . In this case, ligand binding appears to induce a thumb movement that partially closes the cleft. The putative thumb dynamics might be similar to that of a flexible loop in the triose phosphate isomerase, evidenced through changes in the crystal cell upon soaking of a ligand (Johnson and Wolfenden, 1970) and extensively characterized (Derreumaux and Schlick, 1998; Desamero et al., 2003) . To date, only one molecular dynamics study has been performed to investigate the GH-11 xylanases thumb movement (Muilu et al., 1998) . The results from this study, performed on the xylanase from Trichoderma reesei, clearly indicate that the thumb possesses an opening and closing capability that modifies both the topology and the binding capacity of the active site. This movement is probably an intrinsic feature of GH-11 xylanases (Muilu et al., 1998) . In addition to this apparent role in ligand binding and/or catalysis, the thumb in GH-11 xylanases of fungal origin has also been identified as the target for the proteinaceous XIP-I inhibitor (Tahir et al., 2002; Juge et al., 2004) . However, intriguingly, bacterial GH-11 xylanases are insensitive to XIP-I suggesting that only subtle differences in the thumb structures of fungal and bacterial GH-11 xylanases determine XIP-1 sensitivity . Finally, it is significant that along with GH-12, GH-11 forms part of the glycoside hydrolase clan C (GH-C). Coherent with the strict definition of glycoside hydrolase clans (Coutinho and Henrissat, 1999) , all of these families share the same b jelly-roll architecture. Previously, the careful comparison of a GH-12 endoglucanase and a GH-11 xylanase has revealed that despite the fact that these enzymes share very little sequence identity (generally ,20%), most of the major structural features are common to both families (Sulzenbacher et al., 1997) . However, one major exception is the thumb, which is replaced by a drastically atrophied form in GH-12 endoglucanases. From a catalytic point of view, GH-12 endoglucanases are more versatile enzymes, often being able to hydrolyse both cellulose and xylooligosaccharides (Saarilahti et al., 1990) . To explain this difference in substrate specificity, Sabini et al. (1999) suggested that only a small number of differences at the active site level might be responsible. In particular, both the presence in GH-11 xylanases of an invariant valine residue adjacent to the acid/base residue in subsite (21) and the thumb, which could influence specificity in the subsite (22), were singled out.
In this study, in an attempt to gain new insight into the role of the thumb in GH-11 xylanases, we have used a directed mutagenesis strategy on the thermostable GH-11 xylanase from T. xylanilyticus, Tx-Xyl . Using site-saturation and site-directed mutagenesis, we probed the highly conserved triplet (Pro Tyr  111 and Thr   121 ). Significantly, using in vitro thumb deletion we revealed the critical role played by this structure in substrate selectivity. 
Material and methods

Site-specific mutagenesis experiments
For mutagenesis, a slightly modified version of the plasmid pECXYL was used (Paës and O'Donohue, 2006) . All in vitro site-specific mutagenesis experiments were performed using the QuikChange w kit (Stratagene, The Netherlands) and two complementary oligonucleotides (Table II) that were used to direct the desired nucleotide alterations. For site-saturation, the randomized codon NNN (where N ¼ G, C, A or T) was used to replace all three targeted codons. After mutagenesis, mutated plasmid DNA was used to transform Escherichia coli XL1-blue cells (Stratagene) that were grown on solid LB medium supplemented with ampicillin (100 mg ml
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) at 378C for 16 h. Following mutagenesis, the correct introduction of the mutation was confirmed by DNA sequence analysis of both DNA strands using a MegaBACE 1000 automated DNA sequencer (Amersham Biosciences Europe GmbH, Orsay, France). For site-saturation mutagenesis, screening of the mutant library was performed on solid LB agar medium supplemented with oat-spelt xylan (0.5% w/v). After incubation at 378C for 16 h, all colonies were replicated and positive clones were revealed on the original plate using Congo Red staining. To achieve this, an aqueous solution of Congo Red (0.1% w/v) was carefully poured onto the solid agar medium. After incubation for 15 min at room temperature, excess staining solution was removed and the solid medium was rinsed with 1 M NaCl. Positive clones displaying a halo were then visualized with the naked eye.
Protein expression, purification and characterization
Wild-type Tx-Xyl was isolated from T. xylanilyticus, previously designated Bacillus sp. D3 (Samain et al., 1991; Samain et al., 1992) and purified as described (DebeireGosselin et al., 1992) . To produce mutated forms of Tx-Xyl, E. coli JM109-DE3 cells harboring the relevant pECXYL derivatives were grown at 378C in 1 l of LB medium containing ampicillin (100 mg ml
21
) until an absorbance (600 nm) of 0.5 -0.6 was reached. At this stage, protein expression was induced by the addition of IPTG to a final concentration of 0.4 mM. Incubation was continued for 4 -5 h. Cells were then recovered by centrifugation at (6000 Â g, 30 min) and suspended in 100 ml buffer (20 mM Tris-HCl, 10 mM EDTA, 10 mM DTT, pH 8). Cell lysis was achieved by sonification (40 min) using a Vibra-cell 72412 (Bioblock Scientific, Illkirch, France). Cell debris was removed by centrifugation (10 000 Â g, 15 min) and the protein-containing supernatant was recovered. Purification of recombinant Tx-Xyl was achieved using the same two-step chromatographic procedure (Q sepharose followed by phenyl sepharose) that is employed for the purification of wild-type Tx-Xyl (Debeire-Gosselin et al., 1992) . Routinely, purified xylanases were analysed using SDS-PAGE and molecular masses were measured by MALDI-TOF mass spectrometry using a Voyager-DE spectrometer (Perseptive Biosystems, USA). For mass analysis, 4-hydroxy-3,5-dimethoxycinnamic acid in 50% (v/v) acetonitrile and 0.1% (v/v) trifluoroacetic acid was used as the matrix. Wild-type Tx-Xyl was used as a mass standard and spectral acquisitions were repeated 10 times. The protein concentration was calculated by absorbance measurement at 280 nm using the molar extinction coefficient of wild-type Tx-Xyl (218 592 M 21 cm
). To verify correct folding of mutated xylanases, protein solutions (5 mM in 50 mM K 2 HPO 4 , pH 6.5) were examined by circular dichroism using a J-810 spectrometer (Jasco, Hachioji, Japan). Measurements were performed at 208C using a quartz cell (1.0 cm path length). The buffer signal was subtracted and data were averaged from two acquisitions.
Activity assay
Xylanase activity was determined by monitoring the release of reducing sugars using a colorimetric method (Kidby and Davidson, 1973) . The substrates used were either birchwood xylan for xylanolytic activity assays or medium viscosity carboxymethyl cellulose (CMC) for cellulolytic activity assays (Sigma-Aldrich). Each substrate was used at a concentration of 5 mg ml 21 in 50 mM sodium acetate, pH 5.8. Measurements were performed by incubating the substrate with xylanase for 10 min at 608C in a final volume of 1 ml. At 2 min intervals, 150 ml was removed and mixed with 1.5 ml of Kidby solution (1% Na 2 CO 3 and 0.03% potassium hexacyanoferrate [III] ). Coloration was developed by heating it in a water bath (1008C) for 10 min, and spectral absorbance was measured at 420 nm. The amount of released sugar was determined using a xylose calibration curve (0-400 mg ml
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). Activity was expressed in terms of international units (IU), which are defined as the quantity of enzyme needed to release 1 mmol of equivalent xylose per minute. Kinetic parameters were derived from triplicate datasets obtained using a range of different substrate concentrations (0.5 -10 g l
). Experiments were performed over a suitable time period that ensured that less than 10% of substrate was consumed. To minimize experimental variability, several precautions were taken. In addition to performing regular control assays using wild-type enzyme, the same batch of birchwood xylan was used for all experiments and rate measurements for all enzyme variants were carried out using an identical procedure with generally five data points The thumb-like loop in GH-11 xylanases being collected at identical time intervals. Datasets were analysed using the Enzyme Kinetics 1.0 module embedded in SigmaPlot 6.1 (SPSS, IL, USA). Likewise, non-linear regression analyses, using the Michaelis -Menten model, allowed the determination of the k cat and K M values and their associated standard errors. Owing to the heterogeneous nature of the polymeric substrates, their molar concentrations could not be calculated. Consequently, only an apparent value for the Michaelis constant, K M(app) , was determined.
Substrate binding monitored by fluorescence spectrophotometry
The substrate binding ability of both wild-type and mutant Tx-Xyl was evaluated using fluorescence spectroscopy. The binding of xylotetraose (X 4 ), xylopentaose (X 5 ) and cellotetraose (C 4 ), purchased from Megazyme (Co. Wicklow, Ireland), was compared. Freshly purified enzymes were exhaustively dialysed against 2 Â 100 volumes of 50 mM sodium acetate, pH 5.8. Enzyme concentrations were estimated by measuring the absorbance at 280 nm using a molar extinction coefficient of 218 592 M 21 cm
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. Fluorescence was measured at 58C using a FP-6500 spectrofluorimeter (Jasco, Hachioji, Japan) equipped with a Peltier temperature controller using a 1.0 Â 1.0 cm quartz cell under continuous stirring. Titration of tryptophan fluorescence using the various oligosaccharide ligands was performed with 1.8 ml of protein solution (0.1 mM). Tryptophan excitation was achieved at 295 nm and emission spectra were collected in duplicate over the wavelength range 300-450 nm, using a band width of 3 nm for both excitation and emission (response time of 0.2 s and scan rate of 100 nm min
). Fluorescence spectra were corrected for buffer fluorescence and volume changes that were always inferior to 2% (v/v). In addition, a control experiment was performed in order to ensure that wild-type Tx-Xyl did not hydrolyse xylotetraose (X 4 ) or xylopentaose (X 5 ) to any significant extent during the spectrofluorimetric assay. Briefly, X 5 (470 mM) was incubated with wild-type Tx-Xyl (0.1 mM) at 58C for 15 min. After, HPAEC-PAD was performed in order to evaluate the extent of product (xylobiose and xylotriose) release. This control assay indicated that less than 5% of X 5 was hydrolysed. To calculate the dissociation constant K d , fluorescence intensity changes were recorded at 320 and 360 nm. Likewise, for each oligosaccharide concentration [L] , the change in fluorescence DF ¼ F 360 nm 2 F 320 nm was calculated and a plot of DDF (¼DF 0 2 DF, where DF 0 is fluorescence of unbound protein) versus [L] was plotted. To obtain K d and DDF max , the resulting curve was fitted to the hyperbolic equation
) using SigmaPlot 6.1. Gibb's free energy changes were calculated using the equation -DG8 ¼ RT ln K, where R is Boltzmann's constant (1.3807 Â 10 223 J K 21 ), T is temperature in degrees Kelvin, and K is the calculated K d .
Molecular modeling
Starting from available data describing the structure of a GH-11 from Bacillus circulans complexed to xylobiose (Wakarchuk et al., 1994 ) (PDB code: 1BCX), a model of Tx-Xyl bound to xylohexaose was generated using the software Insight II with the Biopolymer and Discover modules (Accelrys, San Diego, CA, USA) and the CFF91 force field for all calculations. Xylose residues were added one by one at each extremity of the xylobiose until the catalytic cleft was fully occupied. After each prolongation of the substrate, a 10 000 iteration step minimization was performed on the atoms of the unrestrained substrate. Whenever possible, the conformation of the hydroxyl groups of the xylose moieties was modified in order to favor hydrogen-bonding interactions. The subsite docking energies derived from our model were composed of electrostatic and van der Waals energy terms (from the unbound state) between xylose residues and all of the surrounding amino acids of the enzyme that have at least one heavy atom (C, O, N or S) within a distance inferior to 4 Å .
Specific interactions such as stacking or hydrogen bonds were evaluated by isolating the atoms concerned and measuring the interaction energy between them. Superimposition of the structure of Tx-Xyl on that of Sl-Cel (GH-12 endoglucanase from Streptomyces lividans) was performed on the backbone atoms of the residues that compose the unique helix and those that compose b-strands B5 and B6. Figures were drawn using PyMOL version 0.97 molecular graphics software (Delano, 2004) .
Results
Substrate docking in Tx-Xyl
Using the outlined protocol, xylohexaose was modeled in the binding cleft of Tx-Xyl from subsites (23) to (þ3) (Fig. 2) . Analysis of this docking model revealed that the existence of a subsite (23) is uncertain. Indeed, the corresponding xylose residue only partially occupies the cleft and weakly interacts with just two amino acids, since the measurement of subsitebinding energies revealed that subsite (23) displays the lowest energy (26.6 kcal mol 21 ) (Table III) . At the other extremity of the cleft, the model indicated that subsite (þ3) displays a more favourable energy and provides a stacking interaction with Tyr 86 . Likewise, a stacking interaction involving Trp 7 was revealed in subsite (22). In this subsite, two hydrogen bonds and some other amino acids that provide van der Waals interactions together confer a favourable binding energy. In the remaining subsites (21), (þ1) and (þ2), one hydrogen bond per subsite and multiple van der Waals interactions were identified. In particular, a strong hydrogen bond was found between Arg 110 and O2 of the xylose in subsite (21). Finally, according to the model, the xylose moiety in subsite (22) Site-saturation mutagenesis of the amino acid triplet forming the extremity of the thumb
Guided by the modeling analysis, we used site-saturation mutagenesis to investigate the importance of the amino acid triplet, Pro 114 -Ser 115 -Ile 116 , for catalytic functionality. Using two complementary oligonucleotides whose sequences were randomized at the codon positions corresponding to the targeted residues, we generated a small library (approximately 8 Â 10 3 clones). Although E. coli does not secrete Tx-Xyl, we found that screening for lytic halos was not only possible, but also very reproducible. Such screening revealed that only 1.1% of the library clones was active. Several of the most active clones and some that did not display a halo were selected for further characterization. DNA sequencing revealed that, due to poor experimental design, many of the active clones displayed wild-type genotypes. However, reassuringly, analysis of the inactive clones revealed altered genotypes. Similarly, despite the high wild-type background, one double mutation (Ser 115 ! Gly/Ile 116 ! Cys) was identified. To pursue the characterization of this mutant, designated Tx-Xyl-PGC, protein was expressed and purified and the kinetics parameters of xylan hydrolysis were determined. The resulting data revealed that K M(app) was unchanged compared to Tx-Xyl, but k cat was increased by 20% (Table IV) . However, this alteration was not reflected by an increase in enzyme efficiency on birchwood xylan k cat /K M . In order to determine whether the increase in k cat was linked to one or both amino changes, the single-mutated derivatives Tx-Xyl-PGI (Ser 115 ! Gly 115 ) and Tx-Xyl-PSC (Ile 116 ! Cys 116 ) were prepared by site-directed mutagenesis. Analysis of hydrolysis reactions catalysed by each of these mutants revealed kinetic parameters that were nearly identical to those displayed by Tx-Xyl (Table IV ), indicating that it was the simultaneous mutation of residues 115 and 116 that conferred the modest increase in catalytic turnover to Tx-Xyl-PGC. Finally, to deepen the thumb's extremity, Ile 116 was substituted by alanine. The subsequent kinetic analysis of xylan hydrolysis catalysed by the mutated protein, Tx-Xyl-PSA, revealed that, in comparison to Tx-Xyl, K M(app) was increased 2-fold and k cat was decreased 3-fold. Likewise, enzyme efficiency on birchwood xylan was decreased 6-fold.
Alteration of thumb positioning
Current insight into the thumb-like loop indicates that it is flexible and that it might be important for substrate ) in italic and distances are mentioned only for stacking interactions and hydrogen bonds.
The thumb-like loop in GH-11 xylanases selectivity. Analysis of the Tx-Xyl structural model reveals that the thumb is connected to the main protein scaffold via b-strands B8 and B7 and that Tyr 111 and the highly conserved Thr 121 delimit the thumb loop. Therefore, to modify the position of the thumb with respect to the active site cleft, one or both of these residues were deleted using site-directed mutagenesis and the kinetic parameters for xylan hydrolysis were determined (Table V) . Deletion of Tyr 111 (Tx-Xyl-DY111) lead to a 4-fold decrease in k cat , but K M(app) was unaltered. In sharp contrast, the deletion of Thr 121 (Tx-Xyl-DT121) provoked a 4-fold increase in K M(app) and a strong decrease in k cat (17-fold). As a result, the relative specific activity of Tx-Xyl-DT121 (compared to Tx-Xyl) was only 4%. Finally, the simultaneous deletion of both Tyr 111 and Thr 121 (Tx-Xyl-DY111-DT121) generated an enzyme that was only very weakly active. Consequently, the kinetic parameters for xylan hydrolysis by Tx-Xyl-DY111-DT121 could not be determined.
Creation of a thumb-deleted xylanase variant
Previously it was reported that the major structural difference between GH-11 xylanases and GH-12 glucanases is the size of the loop that links b-strands B7 and B8. To pursue this comparison between GH-11 xylanases and GH-12 glucanases, we attempted to dock in silico cellohexaose into the catalytic cleft of Tx-Xyl. This was achieved by simply replacing the xylose residues by glucose in our initial docking model. The calculation of the energy of the final complex revealed that such a complex would be highly unfavourable, mainly due to some precisely localized steric clashes. In agreement with previous findings (Sidhu et al., 1999; Sulzenbacher et al., 1997) , our model predicted that in subsite (21) . In order to test this hypothesis experimentally, the residues that compose the thumb in Tx-Xyl were deleted by sitedirected mutagenesis. To do this, the model of Tx-Xyl was superposed onto that of the GH-12 endoglucanase from Streptomyces lividans, Sl-Cel (Sulzenbacher et al., 1997) (PDB codes: 1NLR, 2NLR). This revealed that on strand B8, the protein backbones of the two enzymes are perfectly superposed until Ser 108 (Tx-Xyl)/Gly 153 (Sl-Cel) is reached (Fig. 3) . At this point, the backbones diverge. In Tx-Xyl, a larger thumb-like loop is formed. The protein backbones converge again at the beginning of strand B7, from Gln 123 (Tx-Xyl)/Asp 159 (Sl-Cel) onwards. Overall, the superposition of the two models clearly indicated that the B8B7 loop in Tx-Xyl is nine residues longer than the equivalent one in Sl-Cel.
Moreover, a partial sequence alignment of GH-12 endoglucanses (data not shown) showed that although the length of the B8B7 loop is conserved, the sequence is not. Therefore, in order to truncate the B8B7 loop in Tx-Xyl, residues Trp 109 to Asp 117 were simply deleted, without introducing any other amino acid changes.
After mutagenesis, SDS-PAGE analysis of the thumbless mutant (designated Tx-Xyl-DT) showed that it migrated further than Tx-Xyl (data not shown), even though the difference in molecular mass is quite small (approximately 1.1 kDa). The measurement of hydrolytic activity revealed that the specific activity of Tx-xyl-DT on xylan was very low (1 IU mg 21 ). Reassuringly, although this represents a 2000-fold decrease in activity compared to the wild-type enzyme, it suggests that Tx-Xyl-DT adopts a functional fold. Data from circular dichroism measurements (data not shown) support this supposition, because the spectra of Tx-Xyl-DT and Tx-Xyl were similar, with a double minimum at 218 nm that corresponds to the numerous b-strands of the jelly-roll architecture. 
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$18 min $20 min $18 min $18 min ND SA: specific activity; ND: not determined. To assay the ability of Tx-Xyl-DT to hydrolyse glucosebased substrates, CMC was used as a substrate. However, even after several hours at 608C, no reducing sugars were detected. Likewise, to assay the ability of Tx-Xyl-DT to bind cello-oligosaccharides fluorescence titration was used. According to both our docking models and previously described ones (Gruber et al., 1998; Törrönen and Rouvinen, 1995; Tahir et al., 2002) , at least one or two aromatic residues (Trp  9 and Tyr   86 ) should create stacking interactions with both xylose and cellulose residues. Therefore, we assumed that one or both residues could be used as fluorescence probes that would undergo modifications upon ligand binding. Use of xylopentaose (X 5 ) as a ligand for titration lead to a distinct quenching of the fluorescence intensity that was accompanied by a blue-shift (Table VI) . The affinity constant (K a ) for interactions between X 5 and Tx-Xyl or Tx-Xyl-DT were 2.6 Â 10 3 M 21 and 59.0 Â 10 3 M
21
, respectively. Both these values and those for free energy changes (DG8) were in good agreement with those computed for the GH-11 xylanase from Chainia sp. (Hegde et al., 1998) . Similarly, titration with xylotetraose (X 4 ) also lead to spectral changes, although these were less pronounced, particularly in the case of Tx-Xyl-DT. Likewise, compared to X 5 , the K a values for the interaction of X 4 with either Tx-Xyl or Tx-Xyl-DT were lower and the DG8 values were decreased. When cellotetraose (C 4 ) was used in titrations with Tx-Xyl, no spectral variations were measured, even when high concentrations (500 mM) of ligand were employed. In contrast, when Tx-Xyl-DT replaced the wildtype enzyme in the titration, a distinct quenching of the fluorescence signal and a concomitant blue-shift were measured. Saturation was obtained at 50 mM, indicating a K a value of 74.1 Â 10 3 M
. The free energy change associated with the interaction of Tx-Xyl-DT and C 4 was identical to the one determined for the binding of Tx-Xyl-DT to X 5 .
Mutation of valine 35
Although the deletion of the thumb provided encouraging data, it also revealed that this modification was not sufficient to generate cellulolytic activity. According to our docking model, the residue Val 35 was also partially responsible for sterical hindrance with the substrate. Therefore, in a second round of protein engineering, Val 35 was substituted by an alanine on the Tx-Xyl-DT template. After mutagenesis, plating out of positive clones on CMC-containing LB agar revealed that Tx-Xyl- Ala is unable to hydrolyse CMC. Therefore, to further study this mutated enzyme, in particular with regard to its ability to bind cello-oligosaccharides, we attempted to obtain pure enzyme. Surprisingly, despite multiple attempts, the regular two-step Fig. 3 . Superimposition of the B8B7 loops of Tx-Xyl (green) and Sl-Cel (violet) . Only the backbones of the residues are displayed. Ala was not pursued.
Discussion
In comparison to other xylanase families in the glycoside hydrolase classification, GH-11 xylanases are 'true xylanases' (Collins et al., 2005) . This is because GH-11 xylanases display exclusive substrate specificity towards D-xylose containing substrates. Importantly, unlike some other xylanases, GH-11 enzymes do not hydrolyse cellooligosaccharides. Perhaps because of their tight specificity and preference for insoluble polymeric substrates (Biely et al., 1997; Beaugrand et al., 2004; Maes et al., 2004) , GH-11 enzymes are often preferred for technical applications. Therefore, full understanding of substrate specificity in GH-11 enzymes will be a key step towards the engineering of new xylanases for various applications.
Among the known xylanase-containing families, GH-11 is the only one that belongs to the clan GH-C. Interestingly, the only other family (GH-12) that is part of this clan contains enzymes that are active upon glucose-based compounds. Previously, several elegant and thorough structural analyses of a GH-12 endoglucanase and a GH-11 xylanase have provided some clues towards the understanding of substrate specificity in clan GH-C (Sulzenbacher et al., 1997; Sabini et al., 1999; Sidhu et al., 1999; Sulzenbacher et al., 1999) . Together, these data suggest that from an evolutionary point of view, GH-11 members might be highly specialized versions of GH-12 endoglucanases. However, among the various differences between GH-11 and GH-12 enzymes that were identified, it is unclear which ones might constitute the key differences.
Even a cursory examination of structural models of GH-11 xylanases is sufficient to appreciate that the loop that connects b-strands B8 and B7, commonly known as the thumb, is the most striking feature of these enzymes. In agreement with previous data, our docking model localized the thumb at subsite (22) and indicated that, along with Trp 7 , it might play an important role in substrate binding. Subsite (22) forms the narrowest region of the catalytic cleft in Tx-Xyl (Table I) . This is because the tip of the thumb plunges down towards the cleft and faces Trp 7 . Therefore, when a xylose residue is present in this subsite it is probable that it is locked into position via electrostatic interactions and steric hindrances that are provided by the residues at the tip of the thumb.
Our initial mutagenesis study aimed at a better understanding of the functional importance of the highly conserved triplet . Equally surprising was the fact that this unnatural triplet conferred a slight increase in activity. Significantly, the modest increase in k cat was procured by the simultaneous presence of glycine at position 115 and cysteine at position 116.
Previous observations have indicated that the precise positioning of the thumb determines the width of the catalytic cleft. Furthermore, it is inferred that the thumb might perform an open -close movement during catalysis. Likewise, it might open and then close upon substrate binding and then reopen for product release. To probe the importance of thumb positioning on substrate binding and catalysis, the residues that delimit the thumb (Tyr  111 and  Thr  121 ) were mutated. Interestingly, the impact of mutation at these positions was unequal. Modeling suggests that mutation of either or both residues should not change the overall shape of the thumb, which is maintained by internal hydrogen bonds. However, when Tyr 111 is deleted the thumb should move upwards relative to its position in the wild-type enzyme. In this case, access to the catalytic cleft would be undisturbed. Experimental support for this was provided by the fact that we did not observe any change in K M(app) . In contrast, k cat was disturbed, suggesting that the thumb movement plays an active role in completion of the catalytic cycle. According to modeling, the deletion of Thr 121 should cause the thumb to move downwards towards the cleft. In this case, the tip of the thumb would clash with residues located at the end of strand B5, particularly the bulky residues Tyr 67 and Trp
69
. Therefore, this modification should hinder substrate binding. Again, the kinetic data obtained for the mutant Tx-Xyl-DT121 provided experimental support for this prediction.
Overall, the results of directed mutagenesis work presented suggest that the thumb plays an important role in catalysis, first by holding the substrate in place in the cleft and then by expulsing the product. This movement involves the correct positioning of the thumb and an intimate interaction between the substrate/product and the thumb tip in subsite (22) . Different mutations at the thumb tip afforded different effects. The presence of glycine at position 115 and cysteine at position 116 in Tx-Xyl-PGC might allow the formation of a weak hydrogen bond between the -SH group and hydroxyls O2 and/or O3 of the xylose residue present in subsite (22) . Such an interaction could explain the modest improvement in k cat for the double mutant. However, further analyses would be necessary to determine why glycine in the adjacent position would favour H-bonding, whereas serine in the alternative combination, Ser 115 Cys 116 , does not. Likewise, by diminishing the intimacy of the contact between the thumb tip and the substrate/product, the substitution of Ile 116 by alanine led to a highly reduced k cat value. The complete deletion of the thumb provided a further clue towards understanding the role of the thumb. Thumb removal lowered substrate selectivity, allowing the binding of both xylo-and cello-oligosaccharides. Moreover, the binding of cellotetraose to Tx-Xyl-DT was characterized by a K a value that is comparable to that measured for xylopentaose binding. This indicates that cellotetraose was able to occupy four subsites, which must include subsite (21). This is contrary to the prediction made by Sabini et al. (1999) who suggested that the hydrophobic residue at position 35 (usually a valine) would prevent binding of a glucose moiety in subsite (21). However, it is important to note that no cellulolytic activity was detected; this indicates that upon binding the thumb-deleted enzyme did not necessarily make productive complexes with the cello-oligosaccharides. Previous work has shown that the spatial orientation of the acid-base catalytic residue in GH-11 xylanases and GH-12 endoglucanases is not identical. Similarly, the formation and breakdown of the catalytic intermediate requires the sugar moiety in subsite (21) to adopt a 4 C 1 chair conformation in GH-12 endoglucanases , whereas a rarer 2,5 B conformation has been observed in GH-11 xylanases (Sabini et al., 1999; Sidhu et al., 1999) , inferring that these families might operate through different reaction itineraries. Therefore, for these reasons and possibly others, it is to be expected that more amino acid changes would be required to create full cellulolytic activity in Tx-Xyl-DT. Nevertheless, thumb amputation constitutes an important step in the reversal of a hypothetical evolutionary process that transformed an ancestral GH-12-like enzyme into modern day GH-11 xylanases.
Finally, based both on our present data and on previous observations, we hypothesize that the thumb in GH-11 xylanases is a critical element for substrate selectivity and for catalysis. With regard to catalysis, because subsite (22) is the narrowest part of the catalytic cleft and that the thumb and Trp 7 lock the position of the xylose moiety, binding in this subsite might critically determine the correct positioning of the ensuing xylose residues. Moreover, after hydrolysis the opening movement of the thumb might actively assist product release. However, our present knowledge does not provide any insight into the exact nature of this motion. The thumb could assist product expulsion through an essentially upward movement (flicking action) or by a lateral sliding motion. Further experimentation and appropriate predictive modeling should throw more light on this question.
